M ultiple sclerosis (MS) is a demyelinating, inflammatory disease of the CNS that is characterized by infiltrates of macrophages, T, and B cells
. Although much evidence supports the contribution of autoreactive Abs to pathogenesis in a significant subset of MS patients, the nature of these Abs and how they participate in the disease process remains poorly understood (3, 4) . Abs recognizing myelin oligodendrocyte glycoprotein (MOG) are of particular relevance because the extracellular Ig V-like domain of MOG is exposed on the outer lamellae of the myelin sheath (5, 6) , providing an appropriate target for Ab-mediated attack. Anti-MOG humoral responses in MS patients, nonhuman primates (marmosets), and rodent models of MS have therefore been extensively studied (3, 4, (7) (8) (9) (10) (11) (12) (13) (14) . However, the analysis of anti-MOG responses in humans has led to inconsistent results (3, 4, (8) (9) (10) (11) (12) (13) (14) (15) (16) . This is further confounded by the presence of anti-MOG Abs in normal human controls combined with the use of MOG of different derivations in binding assays and variations in the tissues or body fluids analyzed (3, 4, 8-13, 15, 16) . Consequently, in addition to limited knowledge concerning the demyelinating, anti-MOG repertoire, it remains a challenge to distinguish pathogenic from nonpathogenic, MOG-specific Abs.
MOG-specific Abs that are elicited following immunization of BALB/c or SJL/J mice with rodent (mouse/rat) MOG or brain extract can have demyelinating activity (7, (17) (18) (19) . For example, Abs such as the extensively characterized mouse monoclonal, 8-18C5, exacerbate experimental autoimmune encephalomyelitis (EAE) when transferred into autoantigen-immunized rats or mice (20, 21) . A feature of pathogenic, demyelinating Abs in both rodents and nonhuman primates (marmosets) is that they recognize native, but not denatured, MOG (7, 11, 18, 22, 23) . Significantly, MOG recognition by demyelinating Abs induced by immunization of mice with MOG (rat, mouse, or bovine) has been reported to be critically dependent on residues in an exposed loop (the FG loop in the Ig V-like domain) of this autoantigen, leading to the conclusion that in rodents the pathogenic humoral response to MOG is centered on one immunodominant region (7) .
By contrast with BALB/c or SJL/J mice (7, (17) (18) (19) , immunization of C57BL/6 mice with rat MOG (rMOG), which shares 95% homology with mouse MOG (mMOG), induces EAE that is B cell independent and does not involve a demyelinating Ab response (24) (25) (26) . Interestingly, in human MOG (hMOG)-immunized C57BL/6 mice, EAE is dependent on B cells (24, 27, 28) . Significantly, this B cell dependence is due to the induction of demyelinating anti-MOG Abs that recognize native MOG (22) , rather than a contribution of B cells to Ag presentation (24, 27) . These observations have motivated studies directed toward understanding how the immune response to human versus rodent MOG differs in C57BL/6 mice. For both hMOG and mMOG/rMOG, the immunodominant T cell epitope is contained within residues 35-55 (27) . Rodent MOG differs from hMOG by a proline to serine replacement at residue 42 within this epitope. Studies in C57BL/6 mice have demonstrated that hMOG35-55 is less effective in inducing encephalitogenic T cells relative to the corresponding rat epitope (27) . For the humoral response, although Ab titers against recombinant mMOG have been shown to be similar in mice immunized with recombinant hMOG or rMOG (27) , demyelinating activity and recognition of native, glycosylated MOG on oligodendrocytes (OLs) is only observed following hMOG, but not rMOG, delivery (22, 26, 27) . Mutation of residue 42 (proline) in recombinant hMOG to serine recapitulates the activity of rMOG/mMOG, including B cell-independent disease (22, 27) . This single amino acid change therefore results in a fundamental difference in both the T and B cell components of the MOG-specific immune response following immunization of C57BL/6 mice with rodent or hMOG, although the mechanism for this remains incompletely understood. Nevertheless, hMOGinduced EAE in C57BL/6 mice represents an instructive model for the significant proportion of MS patients in whom Abs are believed to play a role in pathogenesis (29) (30) (31) .
To date, the properties of the MOG-specific Ab repertoire following immunization of mice with hMOG are poorly characterized. With the concept that hMOG-induced EAE is informative for better understanding pathogenic, humoral responses in MS, the current study is directed toward addressing this issue. A panel of mAbs has been generated from hMOG-immunized C57BL/6 mice. The binding properties of these mAbs for both hMOG and mMOG have been analyzed. By contrast with earlier studies of demyelinating, MOG-specific Abs in BALB/c or SJL/J mice (7), these mAbs are not dependent on residues 103 and 104 in the exposed FG loop of MOG for recognition. The analysis of the ability of the mAbs to exacerbate EAE in a transfer model has allowed correlates between encephalitogenicity and in vitro binding activities to be made. The disease-exacerbating mAbs can be consistently identified by their ability to recognize native MOG in CNS tissue sections, but not by other in vitro assays. Significantly, these mAbs recognize at least four distinct epitopes of MOG, indicating a diverse repertoire. This diversity has implications for disease mechanism, because it would enable MOG cross linking and consequent signaling effects that have been suggested to play a role in demyelination (32, 33) . Collectively, these studies therefore define novel properties for pathogenic, MOG-specific mAbs that could have relevance to human disease.
Materials and Methods

Mice
Female C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and used at 9 to 10 wk of age. Mice were housed in the animal facility at University of Texas Southwestern Medical Center and handled according to protocols approved by the Institutional Animal Care and Use Committee.
Generation of transfectants expressing 8-18C5
The V H and V L domain genes of the 8-18C5 Ab (Protein Data Bank code 1PKQ) (34) were synthesized (Genscript USA, Piscataway, NJ). The leader peptide of the Ig H (MAVLVLFLCLVAFPSCVLS) and L chain (MKLPVRLLVLMFWIPASSS) genes corresponding to the leader peptide sequences for the D1.3 hybridoma (35) were appended to the 59 ends of the V H and V L genes, respectively, using two rounds of PCR with overlapping oligonucleotides. The genes encoding the C region genes [mouse IgG1, k; derived from anti-lysozyme D1.3 hybridoma cells (35) ] were appended to the 39 ends of the V H and V L domain genes, respectively, using designed oligonucleotides and splicing by overlap extension (36) . The PCR products encoding the complete 8-18C5 H and L chain genes were cloned into pOptiVEC-TOPO and pcDNA 3.3-TOPO (OptiCHO Ab express kit; Life Technologies, Grand Island, NY), respectively.
The 8-18C5 L chain expression construct was transfected into CHO/ DG44 cells by electroporation. Following selection of stably transfected clones in CD/DG44 CHO medium containing 500 mg/ml geneticin (without HT supplement), CHO/DG44 clones expressing the highest levels of 8-18C5 L chain were identified by ELISA using a goat anti-mouse Ck-HRP conjugate (Jackson ImmunoResearch Laboratories, West Grove, PA) for detection. The highest expressing cells were cloned by limiting dilution and transfected with the 8-18C5 H chain expression plasmid. Stably transfected clones were selected in Opti-CHO medium (Life Technologies) containing 500 mg/ml geneticin and screened for expression of 8-18C5 Ab using ELISA and mMOG-coated 96-well plates (see below for ELISA protocol). The CHO/DG44 clones that expressed the highest levels of Ab were subsequently cultured in increasing concentrations of methotrexate (50 nM-4 mM) to induce methotrexate-induced gene amplification. For large-scale expression of the 8-18C5 Ab, cells were grown in shake flasks (75 rpm) in a 5% CO 2 incubator in Opti-CHO medium. 8-18C5 mAb was purified from culture medium using protein G-Sepharose (GE Healthcare Biosciences, Piscataway, NJ) and purity analyzed by SDS-PAGE. For use in mice, CHO/DG44 transfectants expressing the 8-18C5 mAb were expanded and Ab purified using protein G-Sepharose by BioXCell (West Lebanon, NH).
Expression of recombinant MOG
An analogous construct design to that described previously for the production of the extracellular domain of hMOG1-121 (37) was used to generate an expression plasmid for recombinant mMOG. A synthetic gene encoding the N-terminal 121 residues of the extracellular domain of mMOG with codons encoding a hexahistidine tag at the C terminus and honey bee mellitin signal peptide (38) at the N terminus was synthesized (Genscript USA) with EcoRI and NotI sites appended and cloned into EcoRI-NotI-digested pVL1393 (BD Biosciences, San Diego, CA). To generate a construct to express the mMOG mutant (mMOG-DM, containing H103A, S104E), designed oligonucleotides combined with splicing by overlap extension (36) were used, and the resulting PCR product was cloned into pVL1393 as an EcoRI-NotI fragment. Expression constructs were cotransfected into Sf9 cells together with Baculogold linearized baculovirus DNA (BD Biosciences, San Diego, CA), and high-titer virus stocks were generated. High Five (Life Technologies) insect cells were infected with mMOG and mMOG-DM baculoviral stocks and respective recombinant proteins purified from the supernatant using Ni 2+ -NTA agarose (Qiagen, Valencia, CA) and standard methods. Purified proteins were dialyzed into 20 mM ammonium bicarbonate (pH 8) and lyophilized for storage at 220˚C.
Baculoviral stock for the expression of the extracellular domain (residues 1-121) of hMOG (24, 37) was generously provided by Drs. Anne Cross and Jeri-Anne Lyons (Washington University School of Medicine). hMOG protein was isolated using the same methods as for mMOG.
Immunization of mice with MOG and hybridoma generation
Female C57BL/6 mice were immunized s.c. with the extracellular domain of hMOG (200 mg/mouse) emulsified in CFA (Sigma-Aldrich, St. Louis, MO). Animals were divided into two groups of four mice each. One group was boosted s.c. once after 2 wk of primary immunization with recombinant hMOG (200 mg/mouse) emulsified in IFA (Sigma-Aldrich). Seven days postimmunization, mice with the highest Ab titers specific for hMOG (determined by ELISA) were selected. The following day, spleens, lymph nodes, and bone marrow were removed aseptically from euthanized mice. The separated organs were teased apart in DMEM medium (Lonza, Walkersville, MD) and passed through cell strainers (70 mm; BD Biosciences) to obtain single-cell suspensions. Sp2/0-Ag14 cells (maintained at the logarithmic phase of growth) were fused with single-cell suspensions following standard protocols (39) or using ClonaCell-HY Kit (StemCell Technologies, Vancouver, Canada). Twelve days postfusion, supernatants from culture wells were analyzed for the production of Abs against hMOG by ELISA. Hybridomas from positive wells were cloned by limiting dilution to obtain stable hybrid single-cell clones secreting anti-hMOG mAbs.
To analyze serum anti-MOG responses, C57BL/6 mice (four mice per group) were immunized s.c. with recombinant hMOG or mMOG (200 mg/ mouse) as above. Serum samples were collected at days 8, 11, 13, and 22 postimmunization.
Purification of mAbs
Hybridomas were cultured in either cDMEM containing 10% IgG-depleted FCS (by passage over protein G-Sepharose) or Hybridoma SFM (serum-free medium; Life Technologies). All mAbs were purified from culture supernatants of hybridomas using protein G-Sepharose (GE Healthcare Life Sciences) and standard methods. The anti-lysozyme mAb D1.3 (35) was purified using lysozyme-Sepharose (40) . Eluted mAbs were dialyzed against Dulbecco's PBS (pH 7.4; Lonza), harvested, and concentrated. Protein concentrations were determined by BCA (ThermoFisher Scientific, Rockford, IL). The purity of each mAb was assayed by SDS-PAGE. Several mAbs (1002, 1003, and 1023) were also cultured and purified using protein G-Sepharose by BioXCell.
ELISA
Hybridoma supernatants, purified mAbs (1 mg/ml), or serum dilutions were analyzed for binding to hMOG, mMOG, and mMOG-DM using ELISA and standard protocols. The 96-well plates were coated with recombinant proteins at a concentration of 10 mg/ml. Bound mAbs were detected using rabbit anti-mouse Ig conjugated to HRPO (Life Technologies).
The isotypes of the mAbs were determined using a mouse mAb isotyping kit (Sigma-Aldrich) following a standard protocol with recombinant hMOGcoated 96-well plates. Incubation with mAb was followed by the addition of goat anti-mouse isotype-specific Abs at 1:1000 dilutions. Bound isotypespecific Abs were detected using rabbit anti-goat IgG-HRPO conjugates (Sigma-Aldrich).
Isolation of Ig variable domain genes from hybridomas
RNA was isolated and used in cDNA syntheses with oligo(dT) or the following forward oligonucleotide primers (mCH1for: 59-CTT GAC CAG GCA TCC CAG GGT CAC-39; mCkfor: 59-GAA GTT GTT CAA GAA GCA CAC GAC-39) that anneal ∼70-90 bp from the 59 end of CH1 and Ck genes, respectively (41) . mCH1for anneals to both IgG1 and IgG2b CH1 regions, although there is a one codon mismatch for IgG2b (41) . cDNA was used in PCRs with previously described oligonucleotides specific for mouse V H and V L domain genes (42) (43) (44) or a primer mix (45) for amplification of V H and V L domain genes (generously provided by Dr. G. Georgiou, University of Texas Austin, Austin, TX) using standard methods of molecular biology. PCR products were gel-purified and either sequenced directly or ligated into pGEM-T (Promega, Madison, WI) to generate clones from which plasmid DNA was extracted for sequencing.
Affinity measurements and competition binding assays
The dissociation constants (K d s) for the interactions of the mAbs with mMOG, hMOG, and mMOG-DM were determined using a BIAcore 2000 (GE Healthcare Bioscience, Uppsala, Sweden). Recombinant mMOG, hMOG, and mMOG-DM were covalently immobilized on CM5 sensor chips in 10 mM sodium acetate buffer (pH 4.8) using amine-coupling kit reagents supplied by the manufacturer. The immobilization densities for mMOG, hMOG, and mMOG-DM were in the range of 300-700 resonance units (RU). Binding studies were conducted at 25˚C using PBS (pH 7.4) containing 0.01% Tween and 0.05% sodium azide as running buffer. All mAbs were injected as analyte using a range of concentrations at flow rates of 10 ml/min. Regeneration of the sensor surface between analyte injections was achieved by injection of 0.15 M NaCl/0.1 M glycine-HCl (pH 2.8). Experiments were carried out using programmed methods and randomized repeat injections to ensure that there was no significant loss of ligand-binding activity during the course of the experiment (46) . Data were fitted using custom written software to determine K d values (46, 47) . All K d values are apparent, rather than absolute, due to bivalent binding of Ab to immobilized MOG.
For competition binding assays, mAbs 1002, 1003, 1005, 1011, 1012, or 8-18C5 and recombinant mMOG were immobilized on flow cells of CM5 chips to densities ranging from 940-3038 RU (mAbs) and 537-946 RU (mMOG), respectively. Recombinant mMOG (200 nM) was injected at a flow rate of 10 ml/min. This injection was followed by injection of each mAb at a concentration of ∼5 times its K d value at a flow rate of 10 ml/min. The antilysozyme Ab D1.3 [mouse IgG1 (35) ] was used as a negative control in these assays. The sensor surface was regenerated as described above.
Flow cytometry
The binding of anti-hMOG Abs (mAbs or serum samples) to surfaceexpressed mouse MOG on transfected EL4 cells (EL4-MOG) (23) was assayed using flow cytometry and a FACSCalibur (BD Biosciences). EL4-MOG and untransfected EL4 cells were generously provided by Dr. Gurumoorthy Krishnamoorthy (Max Planck Institute of Neurobiology, Martinsreid, Germany). Cells (3 3 10 6 ) were incubated with either sera (1:100 dilution) from hMOG-or mMOG-immunized mice (harvested at day 22 postimmunization) or 50 mg/ml mAb. Bound Ab was detected using goat antimouse IgG (H+L)-Alexa Fluor 647 (Life Technologies). As controls, untransfected EL4 cells and the anti-lysozyme Ab D1.3 (35) were used.
Exacerbation of EAE
C57BL/6 mice were immunized s.c. at four sites in the flanks with 100 mg hMOG35-55 peptide emulsified with CFA (Sigma-Aldrich) supplemented with an additional 4 mg/ml heat-inactivated Mycobacterium tuberculosis (strain H37RA; Difco). A total of 200 ng pertussis toxin (List Biological Laboratories, Campbell, CA) was injected i.p. on days 0 and 2. The mice were monitored daily for clinical signs of EAE. On day 15, the mice that had EAE scores of 0-3.5 were sorted into groups of eight mice per treatment. The sorting of mice into groups was carried out using a cost function (implemented in MATLAB) based on EAE scores on each day prior to and including day 15, resulting in equal numbers of mice with similar disease course in each group. This cost function takes into account the similarity (in average scores and covariance) and the SD of the disease scores up to and including day 15. A low proportion of mice developed EAE with scores .3.5 (at day 15) and were excluded from the experiments. Mice were injected i.v. with 200 mg of each mAb, isotype control D1.3 [mouse IgG1, anti-lysozyme (35) ], or DPBS (control) and monitored daily for clinical signs of EAE for 35 d postimmunization as described previously (48) . Data are presented as mean clinical scores for each group, and dead animals were given a score of 6 from the day of death onwards. The activity of each MOGspecific mAb was analyzed in at least two independent experiments.
Immunofluorescence staining of the spinal cord and data analysis
For use in immunohistochemistry, anti-MOG mAbs were directly labeled with Alexa 555 or Alexa 647 carboxylic acid, succinimidyl ester (Invitrogen) using previously described methods (49) . The degrees of labeling (molar ratio of dye molecules per Ab molecule) for each mAb were determined using standard methods. C57BL/6 mice or hMOG35-55 peptide-immunized C57BL/6 mice (as above) with EAE scores of 3 to 4 at day 15 postimmunization were perfused with 10 U/ml heparinized DPBS, followed by surgical removal of spinal cords or, for normal mice only, livers. Tissues were immediately snap-frozen in liquid nitrogen and stored at 280˚C. Tissues were embedded in Tissue-Tek OCT compound (Sakura Finetek USA, Torrance, CA), sectioned (4-mm thick) using a Leica cryotome (Leica Microsystems), and stored at 280˚C. Tissue sections were air-dried and fixed in cold (220˚C) acetone. Fixed sections were air-dried at room temperature (RT) and rehydrated in DPBS (Lonza) and blocked with 5% BSA/DPBS for 1 h at RT followed by incubation with Fcg receptor blocking Ab (2.4G2) at 5 mg/ml in 1% BSA/DPBS for 15 min at RT. Sections were incubated with 50 mg/ml Alexa 555-labeled mAbs in 1% BSA/DPBS at RT for 45 min. Spinal cords were costained with 8 mg/ml Alexa 647-labeled anti-OL O1 Ab (eBioscience, San Diego, CA) that binds to galactocerebroside. Liver sections were stained with either Alexa 555-labeled mAbs or 2.5 mg/ml rat anti-CD31 Ab (clone 390; Abcam, Cambridge, MA) followed by Alexa 555-labeled goat anti-rat IgG. For competition binding assays with 8-18C5 mAb, tissue sections were preincubated for 45 min with 200 mg/ml 8-18C5 prior to addition of 50 mg/ml mAb for an additional 45 min. For colocalization analyses, sections were incubated with 5 mg/ml 8-18C5 and 50 mg/ml mAb 1005 for 60 min. Sections were washed with DPBS and mounted in Vectashield hard-set mounting medium with DAPI (Vector Laboratories, Burlingame, CA). As negative controls, Alexa 555-labeled isotype matched Abs were used.
Tissue sections were imaged using a Zeiss Axiovert 200M inverted microscope that was equipped with a Zeiss 633, 1.4 NA Plan-Apochromat objective lens (Carl Zeiss) and an ORCA CCD camera (Hamamatsu, Bridgewater, NJ). Images were acquired with filtersets specific for Alexa Fluor 555 (TRITC-B-000-ZERO; Semrock, Rochester, NY), Alexa 647 Fluor (Cy5-4040C-ZERO; Semrock, Rochester, NY), and DAPI (part number 31013v2; Chroma Technologies, Bellows Falls, VT). The data were processed and displayed using the microscopy image analysis tool (MIATool) software package (www4.utsouthwestern.edu/wardlab/miatool. asp) in MATLAB (Mathworks). The acquired images were embedded in 16-bit grayscale format and overlaid for presentation. For comparative purposes, in Figs. 6A, 6B, and 7B, the intensities of the individual channels were adjusted in an analogous manner within each of the datasets. For pathogenesis (22, 28) . Toward characterizing the MOG-specific Ab repertoire in hMOG-immunized mice, 15 hybridomas that secreted mAbs with binding specificity for recombinant hMOG were generated (Fig. 1A) Fig. 1) . Comparison of the Ab V region sequences with those of the MOG-specific 8-18C5 mAb [isolated from BALB/c mice (17) ] demonstrates that none of the mAbs share the same V H or V L sequence with this demyelinating Ab (Supplemental Fig. 1 ). All mAb L chains are k. In addition, both sequencing and ELISA analyses indicated that four of the mAbs (1004, 1005, 1009, and 1014) are of the IgG2b isotype, with the remainder of the IgG1 subclass (data not shown).
We further investigated whether the mAbs cross-reacted with mMOG, the relevant autoantigen for EAE in mice. Using ELISAs, the majority of the mAbs (9 out of 15) showed strong reactivities toward mMOG (Fig. 1B) 
generates Abs, including the well-characterized mAb 8-18C5, that are dependent on residues 103 and 104 in an exposed loop linking the F and G Ig-like domain strands (the FG loop) of MOG for recognition (7) . This prompted us to analyze the ability of the MOG-specific mAbs to interact with a mutated mMOG variant (mMOG-DM) in which residues 103 (His) and 104 (Ser) were changed to alanine and glutamic acid, respectively. Unexpectedly, all mAbs showed similar levels of binding to both wild-type mMOG and mMOG-DM (Fig. 1B) . Consistent with earlier studies (7), the previously characterized mAb, 8-18C5, is highly dependent on residues 103 and 104 for recognition (Fig. 1B) .
Surface plasmon resonance analyses of the Ab-MOG interactions
The observation that mutation of residues 103 and 104 of MOG did not ablate recognition by the mAbs prompted us to determine their binding affinities for mMOG, hMOG, and mMOG-DM using surface plasmon resonance (SPR). To mimic the multivalent exposure of MOG on OLs, these studies were carried out with immobilized MOG (human or mouse) on the sensor chip and mAbs in solution, resulting in the determination of apparent equilibrium dissociation constants.
Consistent with the ELISA data, the binding of mAbs 1001 and 1021 to mMOG was undetectable, and these were not analyzed further (data not shown). All other mAbs bound with measurable affinities to both hMOG and mMOG (Table I) , with the exception of mAbs 1013, 1014, and 1019, for which the low affinities (.0.5 mM) for either all MOG species (mAbs 1014 and 1019) or for mMOG/mMOG-DM (mAb 1013) precluded accurate determination under the conditions of the SPR experiments. For the majority of the higher affinity mAbs, the dissociation constants were congruent with the ELISA data for mMOG and mMOG-DM (Fig. 1B) , although the affinities of 17 and 21 nM for mAb 1003 for these two proteins, respectively, did not correlate well with the low ELISA signal. Conversely, binding of mAb 1005 to hMOG in ELISAs is relatively strong (Fig. 1A ) despite its comparatively low affinity for hMOG in SPR (38 nM). Importantly, six mAbs (1002, 1004, 1009, 1010, 1012, and 1023) had similar affinities for mMOG, hMOG, and mMOG-DM, demonstrating that they recognized a common epitope across species and were unaffected by mutation of residues 103 and 104. Although mAbs 1003, 1005, 1011, and 1022 had higher affinity for hMOG relative to mMOG, their affinities for mMOG and FIGURE 1. Binding of mAbs to recombinant hMOG (A), mMOG (B), or mMOG-DM (B) using ELISAs with Ag-coated plates. mAbs were used at a concentration of 1 mg/ml, and bound mAbs were detected with antimouse HRPO conjugate. Background OD values (signal using BSA-coated plates) were subtracted from all OD (450 nm) values obtained with Agcoated plates. Means of duplicate values are shown, and data are representative of at least three independent experiments. As a control, binding by the anti-MOG mAb 8-18C5 is also shown. mMOG-DM were indistinguishable. Thus, mutation of residues 103 and 104 does not impact the binding of any of the mMOGspecific mAbs. By contrast, but consistent with both our ELISA results and the observations of others (7), 8-18C5 bound to both hMOG and mMOG but with immeasurably low affinity (under the conditions of assay) to mMOG-DM in SPR experiments. Although none of the mAbs were dependent on residues 103 and 104 in the FG loop of mMOG for recognition, it remained possible that they could compete with 8-18C5 for binding to MOG. We therefore used SPR to investigate this. 8-18C5 was immobilized on the sensor chip, followed by injections of mMOG (200 nM) and then each anti-MOG mAb (at a concentration of ∼5 times the equilibrium dissociation constant). We reasoned that no or limited competition with 8-18C5 would sandwich the MOG between 8-18C5 and injected mAb, whereas competition would result in no interaction of the mAb with the preformed MOG/8-18C5 complex. mAbs with low affinity for mMOG were not used in these studies. mAbs 1002, 1003, 1011, 1012, and 1022 competed for binding to mMOG, whereas mAbs 1004, 1005, 1009, 1010, and 1023 did not ( Fig.  2 and data not shown) . However, the lack of dependence of competing Abs for residues 103 and 104 in the FG loop for recognition indicates that binding of 8-18C5 to mMOG inhibits interactions with these Abs through either steric effects or binding to a partially overlapping epitope.
Immunization of mice with mMOG or hMOG results in a polyclonal Ab response that is not affected by mutation of FG loop residues
Based on earlier observations (7), the lack of dependence of the MOG-specific Abs on residues 103 and 104 for recognition was unexpected. It was therefore important to assess whether the mAbs generated in response to hMOG immunization were representative of the polyclonal response. C57BL/6 mice were immunized with hMOG and, for comparative purposes, mMOG. Humoral responses against hMOG, mMOG, and mMOG-DM were assessed using ELISAs on days 8, 11, and 13 postimmunization (Fig. 3A and data not shown) . Immunization of mice with either hMOG or mMOG results in a response that is not ablated by mutation of residues 103 and 104 (Fig. 3A) . Although there were slight decreases and increases in ELISA signals in hMOG-and mMOG-immunized mice, respectively, for binding to mMOG-DM relative to mMOG, these differences were statistically significant in some mice, but not others, within the groups. In addition, the Ab response induced by hMOG immunization resulted in higher ELISA signals for both hMOG and mMOG recognition relative to that following mMOG immunization (Fig. 3A) . To ensure that the ELISA signals in Fig. 3A were not saturating for hMOG-immunized mice, the use of higher serum dilutions also demonstrated that recognition of mMOG is not dependent on residues 103 and 104 (Fig. 3B) . We also used flow cytometry to analyze the ability of the Abs in the serum of immunized mice to bind to mMOG expressed on the surface of transfected EL-4 cells (23) . Consistent with the findings of others that rodent MOG immunization of C57BL/6 results in a response that does not recognize native MOG (22, 26) , incubation of EL4-MOG cells with Abs from mMOG-immunized mice leads to a very small shift in fluorescence signal relative to the signal observed with untransfected EL4 cells (Fig. 3C) . By contrast, hMOG immunization generated Abs that recognize surface expressed MOG (Fig. 3C ).
Exacerbation of EAE by the mAbs in a mouse transfer model
To assess the encephalitogenicity of the mAbs, we developed a mouse transfer model. This model is distinct from an earlier model because it involves the immunization of wild-type C57BL/6 mice rather than B cell-deficient mice (22, 28) with hMOG35-55 to induce a MOG-specific T cell response followed by the transfer of Abs. Wild-type mice were used as recipients to avoid possible effects of B cell deficiency, such as those resulting from the absence of regulatory B cells. Shortly after disease onset (day 15), mice with similar history of clinical disease score range, mean, and median (8 mice/group; mean disease score for each group of ∼2) were computationally assigned to groups and injected with 200 mg test mAb(s), 200 mg isotype control Ab [mouse IgG1 antilysozyme D1.3 (35) ], or PBS (Fig. 4) . In some cases, anti-MOG mAbs that did not exacerbate disease also served as negative controls. We observed no difference in disease course between mice injected with isotype control and DPBS, and these controls were therefore used interchangeably. In most experiments, 8-18C5 was also used because this mAb has been shown in multiple rodent models to have demyelinating activity (17, 21) .
With the exception of mAb 1022, all other mAbs that competed with 8-18C5 in the SPR assay exacerbated EAE (Fig. 4) . These mAbs are of the IgG1 isotype. In addition, delivery of mAb 1005 that does not compete with 8-18C5 resulted in disease exacerbation that was significantly lower than that observed for mAbs 1002, 1003, 1011, 1012, and 8-18C5 (Fig. 4 and data not shown) . Although mAb 1023 delivery resulted in a slight increase in disease activity relative to that in control groups, this difference was not significant (Fig. 4B and data not shown) . mAbs 1004, 1009, and 1010 also did not exacerbate EAE (Fig. 4C, 4E , and data not shown).
With the goal of correlating encephalitogenicity with the recognition of native MOG, we used flow cytometry to analyze the binding of the mAbs to EL4-MOG cells (23) . Similar assays have been used previously and shown to yield correlations (8, 15, 23, 26, 50) . However, although the encephalitogenic mAbs 1002, 1005, 1011, and 1012 bind to these cells, mAb 1003 does not (Fig.  5) . Further, mAb 1022 binds well but does not exacerbate EAE. As an alternative approach toward obtaining an in vitro indicator of encephalitogenicity, we also assessed binding of the Abs to mouse CNS sections (Fig. 6 ). An Ab specific for the O1 marker (galactocerebroside) on mature differentiated OLs was used to detect OLs (Fig. 6A, 6B ). This Ab binds to the OL cell body in rodents more strongly than the myelin sheath (51), resulting in punctate staining that does not show extensive overlap with the more diffuse staining patterns seen for the encephalitogenic mAbs (Fig. 6A, 6B ). Importantly, incubation of spinal cord sections with the well-characterized mAb, 8-18C5, resulted in a staining pattern that is similar to that of mAbs 1002, 1003, 1005, 1011, and 1012 (Supplemental Fig. 2 ; background staining levels by mAb 1023 are shown as a control). By contrast with the data shown in Supplemental Fig. 2 , the images shown in Fig. 6A and 6B are presented to allow comparisons of relative staining intensities by the different mAbs to be made. Consequently, these images are representative of the quantitative intensity analyses shown in Fig.  6C . In addition, the mAbs bind to myelin-rich regions at higher levels than to myelin-poor regions (Fig. 6, Supplemental Fig. 2 , and data not shown).
The mAbs (1002, 1003, 1011, and 1012) with the highest encephalitogenicity gave the strongest staining (Fig. 6) . mAbs 1005 and 1022 resulted in relatively low levels of staining (Fig.  6B, 6C) . Incubation with all of other mAbs resulted in background signal levels (Figs. 6B, 6C ). Similar observations were made when spinal cord sections isolated from mice with EAE were incubated with labeled mAbs (data not shown). Of the mAbs (mAbs 1005 and 1022) that bind relatively weakly to CNS sections, only mAb 1005 exacerbates disease following transfer into hMOG35-55-immunized mice (Fig. 4B) . This mAb is of the IgG2b isotype, which is more active in effector functions involving FcgRs and/or C1q than mAbs of the IgG1 isotype (52, 53) . mAbs 1002, 1003, 1011, and 1012 compete with 8-18C5 for binding to MOG (Fig. 2) , allowing us to further assess the specificity of MOG binding by these mAbs to spinal cord sections by preincubation of the tissue with 8-18C5. This treatment resulted in substantial reductions in staining levels by the mAbs (Fig. 7A,  7B ). By contrast, coincubation of spinal cord sections with 8-18C5 and mAb 1005, which bind to distinct epitopes on MOG (Fig. 2) , demonstrated that mAb 1005 colocalizes with 8-18C5 (Fig. 7C) . Thus, all encephalitogenic mAbs either directly compete for binding or colocalize with 8-18C5 in spinal cord sections, demonstrating their specificity for myelin-associated MOG. Consistent with their MOG specificity, the mAbs stained liver sections at background levels that were similar to those observed with the anti-lysozyme mAb D1.3 (data not shown).
To further characterize the epitope specificity of the mAbs that exacerbate EAE, competition assays using SPR were carried out using an analogous approach to that described for Fig. 2 . mAbs 1002, 1003, 1011, and 1012, which compete with 8-18C5 (Fig. 2) , also block the binding of each other to MOG, whereas mAb 1005 does not compete with these mAbs for interaction with MOG (data not shown). A summary of the binding properties of the mAbs and their ability to exacerbate EAE is presented in Table II . Collectively, our data indicate that the staining of CNS sections, but not other binding assays, is a predictive indicator of encephalitogenicity.
Discussion
In the current study we have analyzed the properties of MOGspecific mAbs elicited in mice following immunization with recombinant hMOG. Although earlier studies had led to the conclusion that demyelinating MOG-specific humoral responses are focused on two residues (residues 103 and 104) in the exposed FG loop of MOG following immunization of BALB/c or SJL/J mice with rodent or bovine MOG (7), our studies show that this is not the case for hMOG-immunized C57BL/6 mice. Importantly, mAbs that based on their in vitro properties recognize at least four distinct epitopes (represented by mAbs 1003, 1005, 1011, and 1002/1012) are able to exacerbate EAE in a transfer model. By analogy, recent studies in humans have suggested that the pathogenic MOG-specific Ab response is directed toward multiple epitopes that are distinct from the epitope recognized by 8-18C5 (4). Our studies in hMOG-immunized C57BL/6 mice therefore have implications for understanding the disease process in a mouse model of Ab-mediated EAE, which in turn could have relevance to MS.
Much interest has focused on characterizing MOG-specific Abs in humans and mice (3, 4, (7) (8) (9) (10) (11) (12) (13) (14) . To date, it has been difficult to obtain correlations between pathogenicity and binding properties of Abs. This is particularly so in humans, in whom interaction assays with different forms of Ag have led to inconsistencies (3, 4, 8, 10, 15) . Although binding of anti-MOG Abs to MOGexpressing transfectants has been reported to correlate with recognition of native MOG in the CNS (8, 15, 23, 26, 50) , we observe that this is not always the case. For example, mAb 1003 binds to CNS sections but not to MOG-transfected EL4 cells, whereas mAb 1022 binds strongly to EL4-MOG cells but at almost background levels to CNS sections. In addition, interactions of the mAbs with recombinant mMOG in either ELISAs or SPR does not FIGURE 6 . mAbs with disease-exacerbating activity bind to CNS sections. Spinal cord sections from C57BL/6 mice were costained with 50 mg/ml of Alexa 555-labeled mAbs (pseudocolored red in overlay) and Alexa 647-labeled anti-OL marker O1 (pseudocolored green in overlay). The staining intensities for the mAbs shown in (A) were higher than the intensities for mAbs in (B). Intensities for Alexa 555-labeled mAbs were adjusted equally within each panel to enable staining intensity differences (C) to be visualized. Data are representative of at least three independent experiments. Scale bars, 20 mm. the BC and C'C'' loops also contribute to binding (34) . Thus, the mAbs that compete with 8-18C5 most likely interact with residues in one or more of these other loops, and/or FG loop residues that do not include aa 103 or 104. Alternatively, longer range steric effects could also be operative.
Significantly, immunization of C57BL/6 mice with hMOG or mMOG results in a polyclonal response that is independent of residues 103 or 104 for recognition, indicating that the hybridoma Abs are representative of the repertoire. The reason for this difference in dependence on these residues between BALB/c or SJL/J and C57BL/6 mice is not clear, but may relate to the variations in mouse strain and immunization approach (7) . Specifically, in these earlier studies, immunizations included the use of partially purified rMOG or bovine MOG or delivery of an mMOG expression plasmid via genetic vaccination (7, 17, 20) . By contrast with BALB/c or SJL/J mice, immunization of C57BL/6 mice with recombinant rMOG/mMOG results in a humoral response that does not recognize native MOG (22, 26 , and this study). This difference has been proposed to be due to genetic variations mapping to the MHC class II locus (26) . However, the observation that hMOG immunization results in Ab-mediated EAE and that the variation in encephalitogenicity of the humoral response can be mapped to a single amino acid difference at position 42 (Ser in rodent MOG; Pro in hMOG) within the immunodominant T cell epitope suggest that the distinct behavior is most likely related to a qualitative difference in MOG35-55-specific T cell responses (22, 27) .
The recognition of noncompeting epitopes of MOG by Abs in hMOG-immunized mice has implications for disease pathogenesis, because it would enable extensive cross linking of MOG on the OLs. Ab-mediated cross linking has been shown in earlier studies to induce repartitioning of MOG into lipid rafts and changes in OL morphology that could be early contributors to demyelination (32, 33) . Further, immune complex formation by polyspecific Abs with MOG (fragments) released under inflammatory conditions in the CNS could impact the (re)presentation of Ag to infiltrating autoreactive CD4 + T cells. Although complement deposits have been observed in the CNS of MS patients (29, 54, 55) , mouse IgG1 does not bind well to the complement component, C1q (53) , and yet four of the five pathogenic mAbs characterized in this study are of this isotype. This suggests that FcgR interactions with infiltrating macrophages and resident microglia play an important role in pathogenesis in mice. In this context, mouse IgG1 binds with higher affinity to the inhibitory FcR, FcgRIIb, than to the activating receptor FcgRIII and does not interact with activating FcgRI or FcgRIV (52, 56) . However, during inflammation, FcgRIII expression levels can increase whereas FcgRIIb levels decrease, leading to inflammatory signaling by IgG1 (57, 58) . By contrast with mouse IgG1, mouse IgG2b can bind to complement C1q (53) and also has higher affinity for activating FcgRs (FcgRI, FcgRIII, and FcgRIV) relative to the inhibitory FcgRIIb (52, 57) . Consequently, Abs of the IgG2b class that bind to native MOG are expected to be more damaging to the CNS than their IgG1 counterparts. Consistent with this, despite the relatively low affinity of mAb 1005 for mMOG (∼300 nM by SPR) and weak binding to CNS sections, this mAb is able to exacerbate EAE following transfer into hMOG35-55-immunized mice. By contrast, encephalitogenic Abs of the IgG1 subclass bind at higher levels to CNS sections.
Collectively, our studies demonstrate that the pathogenic humoral response in mice following immunization with hMOG is diverse, with multiple epitopes being targeted. This contrasts with the focused response that has been described in other rodent models (7), but could be analogous to the recent demonstration that pathogenic Abs are directed toward multiple MOG epitopes in human MS samples (4) . Further, despite relatively low affinity for MOG, an mAb of the highly inflammatory isotype IgG2b (52, 53, 57) can exacerbate EAE. Combined with analyses indicating that the humoral response in patients with MS is characterized by lowaffinity Abs (59) , this suggests that the threshold binding levels for CNS damage can be low, particularly if the Ab is of a proinflammatory isotype. Our studies not only reveal novel epitopes for MOG recognition in the CNS, but could also have relevance to understanding how the humoral response contributes to MS.
